Abstract-The paper deals with the impact of subsequent strokes on the backflashover rate (BFOR) of HV overhead transmission lines (OHLs), assessed by means of an ATP-EMTP Monte Carlo procedure. The application to a typical 150 kV Italian OHL is discussed, simulating three different tower grounding system arrangements. Subsequent strokes parameters are added to the statistical simulation variables: peak current, front time, time-to-half value, lightning polarity, line insulation withstand, lightning location and phase angle of the power frequency voltage. The input data are fed to an ATP-EMTP circuit model of the OHL, including line insulation, lightning representation and tower grounding system, the latter simulated by a pi-circuit model able to simulate the effects due to propagation and soil ionization. Numerical results evidence a non-negligible BFOR increase for the simulated, spatially concentrated grounding systems due to subsequent strokes, especially for low grounding resistances.
I. INTRODUCTION
The vast majority of HV and EHV overhead transmission line (OHL) faults is due to direct lightning strokes, i.e. lightnings impinging the transmission line, in particular the tower and the shield wire(s), since the latter prevent strokes to phase conductors. A quantitative assessment of such faults, i.e. backflashovers, requires a statistical study given the random nature of lightning phenomena and line insulation breakdown.
The subject of statistical backflashover rate (BFOR) estimation by means of a Monte Carlo approach has been tackled by several authors [1] [2] [3] [4] ; however, all cited contributions deal with the first lightning stroke: compared to subsequent ones, first strokes are usually most challenging to line insulation due to their larger peak current value, whereas subsequent strokes have much steeper waveforms. The impact of subsequent strokes received much less attention, even if recently several papers dealing with the subsequent strokes contribution to BFOR have appeared [5] [6] [7] , evidencing a significant BFOR increase; none of these, however, relies on a Monte Carlo approach.
The subject of this work is the inclusion of subsequent strokes in the ATP-EMTP-based Monte Carlo procedure for the evaluation of BFOR described in [8, 9] . To this purpose, the original procedure (which only considered first strokes) was augmented with the simulation of a number of subsequent strokes (from 0 to 9, by using statistical estimations based on flash recordings in [10] ) following any first lightning stroke. Subsequently, the procedure has been applied to a single circuit standard Italian 150 kV -50 Hz subtransmission OHL, considering three different grounding system arrangements and assessing the BFOR of the line both excluding and including the subsequent strokes contribution, in order to estimate the their impact on the lighting performance of the simulated OHL. The paper is organized as follows: Section II illustrates the approach to BFOR calculation, whereas system modeling is outlined in Section III. Statistical inputs to the procedure are described in Section IV and Section V reports simulation results, further analyzed in Section VI.
II. BASIC CONSIDERATIONS
N tot lightnings are generated by the statistical procedure and are supposed to fall within a 1 km-wide zone having the OHL placed in the center. The N L lightnings impinging on the line are found via the Ericksson electrogeometric model [11] , assuming that all strokes terminate on towers. Such strokes are simulated with ATP-EMTP, in order to check the occurrence of backflashover. The BFOR of the line (faults/100 km·year) is assessed as 100
where N BFO is the total number of backflashovers resulting from simulations, N g is the ground flash density (flashes/km 2 -year) and 0.6 is a numerical coefficient which multiplies the BFOR calculated considering only strokes to tower, in order to account for strokes within the span, as in [12] . Fig. 1 shows a flow-chart of the procedure [8, 9] .
III. SYSTEM MODELING
The simulated system is a 10 km long stretch of a typical Italian 150 kV -50 Hz OHL; the three different tower grounding arrangements in Fig. 2 were considered. 
A. OHL Model
The ATP-EMTP OHL model consists of 25 line spans, each 400 m long and simulated by the "JMarti" frequencydependent model. The single circuit OHL is equipped with single 31.5 mm ACSR conductors (phases) and a single 11.5 mm steel conductor (ground wire): Fig. 3 shows the outline of the tower. The OHL is connected at both terminals to the line surge impedance matrix and then terminated on a three-phase 150 kV -50 Hz voltage system, with the shield wire solidly grounded instead [13] [14] [15] . Table I reports the phase and shield wire conductors coordinates, whereas the phase conductor sag and the shield wire sag are 11.4 m and 9.7 m, respectively.
B. Units
Line insulation has been represented by means of the wellestablished CIGRE Leader Progression Model (LPM), programmed into ATP-EMTP by using "MODELS" language [16] : 
being d G (m) the gap length (1.46 m in the simulations reported in the paper), l(t) (m) the leader length, u(t) (kV) the voltage across tower insulation, E 0 (kV/m) the critical electric field, whereas the speed parameter k (m 2 kV
) is 1.2•10-6 and 1.3•10-6 for positive and negative flashes, respectively.
C. Equations
Both first and subsequent strokes have been simulated by the well known "Heidler" current surge function implemented in ATP-EMTP: 
being I P the peak value of the lightning stroke, k s the t/τ 1 ratio, τ 1 and τ 2 time constants establishing the front time and the time-to-half value, respectively, η the adjustment constant and n a factor influencing the rate of rise and the time instant of the maximum rate of rise.
D. Grounding System Model
Tower grounding systems were simulated by means of the simplified pi-circuit model described in [14, 17, 18] and shown in Fig. 4 . The pi-circuit model is obtained by synthesizing the full circuit model described in [19] (also accounting for soil ionization), by means of a procedure based on the microGenetic Algorithm. Linear circuit elements in Fig. 4 (R 1 , R 2 , C 1 , C 2 , R, L) reproduce the frequency response of the nonionized grounding system in the frequency range 1 Hz ÷ 1 MHz. The ideal voltage-controlled current sources G 1 and G 2 simulate the non-linear behavior of the grounding system due to soil ionization and are defined as (i = 1,2):
where Table II and Table III .
IV. STATISTICAL INPUTS OF THE PROCEDURE

A. Lightning Polarity and Parameters
Lightning polarity is determined by a uniformly distributed random variable ranging from 0 to 1, based on the assumption that 10% of flashes to ground are positive. Log-normal distributions were assumed for lightning stroke parameters (peak current I P , front time t F and time-to-half-value t H ), with the values reported in Table IV [10] for first strokes. Parameters for subsequent negative return-strokes are summarized in Table V [10, 20] , whereas the statistical distribution of multistroke negative lightning flashes is reported in Table VI [10, 20] . According to [10] , no correlation between the first and the subsequent stroke peak amplitudes has been assumed. 
B. Line Insulation Parameters
Critical field E 0 in the LPM is also treated as a log-normal distributed variable. Median values E 0m and standard deviations [21] are reported in Table VII .
C. Location of Lightning
The distance of the lightning channel from the line is a uniformly distributed variable in the −500 m, +500 m interval. To check lightning attachment to the line, this distance is compared to the attractive radius R a of the OHL, calculated by using the Ericksson electrogeometric model [11] as 
where H is the tower height (m).
D. Phase Angle of the Power Frequency Voltage
A variable uniformly distributed in the range 0° ÷ 360° simulates the phase angle of the impressed power frequency voltages (three-phase positive-sequence system).
V. RESULTS
For the case under study, the total number of generated lightnings is N tot = 720345, corresponding to 2059217 lightning strokes, of which N L = 200000 lightning strokes impinge on the line. Fig. 5 plots the peak current distribution of the N L lightning strokes. Figs. 6 to 8 show the (N BFO /N) ratio vs. N yielded by the procedure for Type 1, Type 2 and Type 3 grounding arrangements, respectively, for both cases of subsequent strokes disregarded or accounted for. If only first strokes are simulated, the smallest peak currents causing backflashover are 48.8 kA (Type 1), 45 kA (Type 2) and 43.7 kA (Type 3), whereas by taking into account subsequent strokes the smallest subsequent stroke peak currents causing backflashover are: 34.7 kA (Type 1), 34.7 kA (Type 2) and 34 kA (Type 3). Lastly, Table VIII reports the calculated (N BFO /N) ratios obtained for the three different grounding system arrangements with or without subsequent strokes, as well as the corresponding increase of the outage rate due to subsequent strokes.
VI. ANALYSIS OF RESULTS
The "overall" peak current distribution for strokes to the OHL in Fig. 5 includes both polarities of first strokes, as well as subsequent negative strokes. It still resembles a log-normal probability distribution function, although three different lognormal distributions are superimposed and, moreover, original values are filtered by the electrogeometric model assessment of impingement on the line.
Besides evidencing stable and satisfactory Monte Carlo convergence, Figures 6 to 8 show two important points:
• as expected for spatially concentrated, predominantly resistive, grounding systems, the calculated BFOR value significantly increases with the low frequency grounding resistance of the simulated towers;
• incorporation of subsequent strokes into the Monte Carlo procedure causes an increase of BFOR values, which is noticeably higher (in relative terms) for lower values of low-frequency grounding resistance, i.e. lower first-stroke BFORs, as reported in Table VIII . Curves in Fig. 9 show the distinct effect of subsequent strokes on BFOR for Type 3 grounding arrangement, with the appearance of a narrow but not negligible band of "critical" peak current values to the left of the plot.
A comparison with prior work, notably the wide-range study in [7] , shows that the qualitative trends (BFOR vs. lowfrequency grounding resistance) are fully consistent, whereas the BFOR increases calculated by the authors' procedure are smaller than those in [7] . This quantitative difference is probably due to the different modeling approaches, since [7] represents grounding systems by a linear lumped resistance, thus disregarding soil ionization, which might be quite significant for spatially concentrated grounding systems in low-resistivity soils.
VII. CONCLUSIONS
The paper presented some results of the inclusion of subsequent (negative) strokes in an ATP-EMTP-based Monte Carlo procedure for BFOR assessment, which formerly took into account only first lightning strokes. A preliminary study was carried out for a typical Italian 150 kV OHL, considering three different spatially concentrated tower grounding arrangements: results evidenced in all cases a non-negligible increase in calculated BFORs (up to about 25%) when subsequent strokes are taken into account. The effect is more pronounced for lines with low-resistance grounding systems, having lower first-stroke BFOR values. Having assessed the effectiveness of the proposed approach, the authors are currently working on the extension of the study to spatially extended grounding arrangements, which in principle are more affected by the fast front pulses typical of subsequent strokes.
